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Introduction: Carbonaceous chondrites (CC) are 

pristine assemblages consisting of refractory inclu-
sions, chondrules, matrix, and metal. As such, they 
provide fundamental constraints on processes within 
the solar accretion disk. The distinct CC groups exhibit 
chemical fractionations relative to the most primitive 
group, the CI chondrites. These fractionations depend 
on geochemical affinity and volatility [1,2]. However, 
in particular the depletion of volatile elements (50% 
condensation temperature (TC) <1250 K) and how this 
depletion relates to the formation of chondrules is 
poorly understood. The degree of volatile depletion is 
inversely correlated with the amount of matrix, sug-
gesting that the CCs represent mixtures of volatile-rich 
matrix and volatile-poor chondrules or refractory inclu-
sions [1,2]. More recent versions of this 'two-
component model' strengthen the idea that volatile el-
ements derive entirely from CI-like matrix, and that the 
volatile depletion among the CCs reflects different 
amounts of matrix [3,4]. 

However, other observations are more difficult to 
reconcile with the two-component model. For instance, 
some volatile elements exhibit mass-dependent isotope 
variations among the CC groups, indicating that these 
volatile elements derive from more than one compo-
nent [e.g., 5,6]. Moreover, for non-volatile elements 
chondrules and matrix have complementary chemical 
and isotopic compositions [7,8], suggesting that both 
components derive from a common source, and not 
from two distinct sources.  

To better understand the origin of volatile frac-
tionations in CCs, and the role of chondrules and ma-
trix in producing these fractionations, we investigated 
the mass-dependent Te isotope fractionation among 
various CC groups. Tellurium is well suited for this 
task because it is a moderately volatile element (50% 
TC ~700 K), is variably depleted among the CCs, and 
exhibits isotope fractionation among chondrites [9].  

Samples and analytical methods: Nineteen car-
bonaceous chondrites, including two CI, six CM, four 
CV, two CO chondrites, and the ungrouped chondrite 
Tagish Lake (TL) were investigated. Sample powders 
were spiked with a 123Te-125Te double spike, digested 
in HF-HNO3, and Te was purified using a three-stage 
column chemistry modified after [9,10]. The Te iso-
tope measurements were performed using a Neptune 
Plus MC-ICPMS at Münster combined with a Cetac 

Aridus II. Results are reported in δ128/126Te as the per 
mil deviation from the NIST SRM 3156 Te standard. 

Results: The overall variation in δ128/126Te and Te 
concentrations among the CCs is ~0.2‰ and ~800 to 
~2300 ng/g, respectively. Importantly, samples from a 
given CC group have indistinguishable δ128/126Te and 
display a narrow range of Te concentrations. Together 
with TL, the CC groups define a trend from heavy 
δ128/126Te and higher Te concentration to lighter 
δ128/126Te and lower Te concentration (Fig. 1). 

 
Fig. 1. δ128/126Te vs. 1/[Te] for carbonaceous chondrite 
groups. Error bars are 2 s.d. 

Discussion: Samples from a given CC group but of 
different petrologic type display indistinguishable 
δ128/126Te, suggesting that their Te isotopic composi-
tions are not affected by parent body processes such as 
aqueous alteration or thermal metamorphism. We, 
therefore, interpret the measured δ128/126Te of these 
samples as the primary signatures of their bulk parent 
bodies. The CC groups together with TL define a pre-
cise linear trend in a plot of δ128/126Te versus 1/[Te] 
(Fig. 1), indicating that the Te isotopic and elemental 
variations reflect mixing between isotopically heavy, 
volatile-rich and isotopically light, volatile-poor com-
ponents. The δ128/126Te values and Te concentration 
also correlate with the fraction of matrix in each CC 
group, which is highest in CI and lowest in CV and CO 
chondrites. Combined these observations suggest that 
the isotopically heavy and volatile-rich end-member is 
CI-like matrix. This implies that all CCs contain CI-
like material, consistent with the two-component mix-
ing model for chondrites [1-4]. 

The non-matrix component is isotopically light, and 
given that the different CC groups show distinct 
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δ128/126Te signatures, must have contained some Te. 
Otherwise, all CC groups would show the same, CI-
like δ128/126Te. Consequently, contrary to prior sugges-
tions [1–4], volatile elements in carbonaceous chon-
drites do not entirely derive from CI-like matrix, but 
also from the non-matrix component. Nevertheless, for 
elements with TC below ~750 K all CC groups display 
CI chondritic relative abundances, despite different 
degrees of depletion [3]. These observations can be 
reconciled if volatile elements in the non-matrix com-
ponent, despite their overall depletion, are also present 
in CI-chondritic relative abundances. 

The non-matrix component may be represented by 
chondrules, refractory inclusions, or metal. Metal is not 
sufficiently variable among the CC groups to account 
for the differences in δ128/126Te. By contrast, the amount 
of both refractory inclusions and chondrules  correlate 
with the degree of volatile element depletion, and so 
both may represent the volatile-poor and isotopically 
light non-matrix component. This is consistent with the 
observation that CAIs and chondrules are isotopically 
light for volatile elements like Zn [5] and Cd [11]. 

 
Fig. 2. δ128/126Te versus ε54Cr for carbonaceous chondrites. 
δ128/126Te of 'chondrules' inferred from the correlations of 
δ128/126Te and Te concentration of CC groups with the 
amount of matrix. Dashed line is a calculated mixing line 
between CI chondrites and chondrules. 

The δ128/126Te values are also correlated with nu-
cleosynthetic ε54Cr anomalies of the CC groups (Fig. 
2). Most refractory inclusions have ε54Cr values of ~6 
[e.g., 12] and, therefore, cannot represent the non-
matrix component. By contrast, chondrules from CV 
and CO have an average ε54Cr of ~0.7 [13,14] and rep-
resent a viable non-matrix mixing endmember (Fig. 2). 
Combined the correlated δ128/126Te and ε54Cr variations 
suggests that the bulk chemical and isotopic variations 
among the CC groups reflect mixing of CI-like, 54Cr-
enriched and isotopically heavy matrix with isotopical-
ly light and 54Cr-poor chondrules.  

This interpretation implies that chondrules and ma-
trix derive from different regions of the disk, because 

otherwise they would not have distinct ε54Cr signa-
tures. However, the complementary chemical and iso-
topic compositions of chondrules and matrix imply that 
both components formed from a given reservoir of 
nebular dust [5,6]. These seemingly contradictory ob-
servations can be reconciled if chondrites, in addition 
to CI-like matrix, also contain ‘chondrule-related ma-
trix’, where only the latter is chemically and isotopical-
ly complementary to chondrules [3,15]. Alternatively, 
the complementarity may primarily be hosted in chon-
drule rims, which later react with CI-like matrix [16]. 
In both case, the variable addition of CI-like matrix to 
a closed system of chondrules and associated chon-
drule-related matrix would move the bulk composition 
of a chondrite towards the CI composition, but would 
at the same time maintain chondrule-matrix comple-
mentarity [15]. 

Conclusions: Carbonaceous chondrite groups CI, 
CM, CV, and CO, together with the ungrouped carbo-
naceous chondrite TL show systematic mass-dependent 
Te isotope variations that correlate with Te concentra-
tion, the amount of matrix, and ε54Cr. These trends are 
best accounted for by variable mixtures of isotopically 
heavy CI-like matrix and isotopically light chondrules. 
This implies that all CCs contain some CI-like matrix, 
consistent with [3,4]. Nevertheless, the variable 
δ128/126Te among the CC groups indicate that CI-like 
matrix is not the sole source of volatiles, but that chon-
drules also contained some volatiles. The volatile frac-
tionations among the CCs, therefore, result from chon-
drule formation, where the degree of depletion reflects 
the amount of added CI-like matrix. The correlation of 
δ128/126Te and ε54Cr suggests that chondrules and CI-
like matrix formed in different regions of the disk. To 
reconcile this observation with chondrule-matrix com-
plementarity requires that two kinds of matrix are pre-
sent and that neither chondrules nor chondrule-related 
matrix have been lost prior to parent body accretion. 
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